A swimming pool can be considered as a chemical reactor with specific hydraulic and macro-mixing characteristics. The nature of flow into the pool depends on various characteristics, such as water inlets and outlets (number and position), pool geometry, and flow rate. This study investigates how swimming pool design affects hydraulic behavior based on experimental and computational fluid dynamics studies (CFD). This paper does not describe the hydraulic behavior of all existing swimming pools, however the cases studied here are representative of pool designs widely used in Europe and the United States. The model developed, based on the principle of a stirred reactor, could be used as a first approach in describing the hydraulic behavior of regular pools. This model is suitable for the study of physical and chemical phenomena with long characteristic times. Other, more advanced, models were shown to be more suitable to the case of fast chemical processes.
Introduction
Bacterial and chemical water quality in swimming pools is regulated by precise and stringent guidelines set out by the World Health Organization (WHO) and most national authorities [1] . Health authorities in many countries are very concerned about identifying and quantifying chlorination by-products [2] . In the relevant literature, most reports describe monitoring results of different chemical species in pools over time; kinetics of by-products formation, on-site studies, are not available [3, 4] . However, a couple of laboratory-based kinetic studies of chloramines formation have been proposed [5, 6] . The highly complex chemistry of chloramines formation is an obstacle to deeper knowledge in this field, especially for the development of predictive kinetic models applicable in real situations. Another problem is widespread lack of understanding of hydraulic behavior in pools, which has been treated by very few studies [7, 8] . A swimming pool can be considered as a chemical reactor, but with specific hydraulic and macro-mixing characteristics like those used for kinetic study. Knowledge of micro-mixing in such large systems is not necessary given the kinetic time constants [5, 6] .
There are no universal standards governing swimming pool design. The nature of flow in pools depends on various characteristics, such as the number and the position of water inlets and outlets, pool geometry, and feed flow. The International Swimming Federation (Fina) only imposes geometries for regional, national and international competitions, without specifying any feature related to the number of water inlets and outlets [9] . Design rules are proposed in the United States, but these differ from one state to another [10] . In Europe, Switzerland proposes the most detailed regulations in terms of engineering [11] .
Swiss standards state that flow recirculation must be reversed (reversed hydraulics), i.e., that water should be supplied to the pool by inlets in both longitudinal vertical walls or in the bottom of the pool. Outlets must be designed as overflow channels around the pool perimeter. The standards also specify inlet spacing, as well as the turnover period.
The first part of this paper studies French experimental pool designed without specific hydraulic rules as almost pools in France. This type of pool operates under a mixed water recirculation regime (mixed hydraulics) i.e., based on the principle that 50% of the total flow circulates through outlets in the pool bottom, and 50% through overflow channels. This work consisted in determining hydraulic characteristics (velocity field, stream lines and the corresponding residence time distribution (RTD)) for this pool using both computational fluid dynamics (CFD) and experimental studies. The study was performed in the absence of swimmers although their presence is known to affect the overall hydrodynamic behavior. This approach aims to validate by tracer-based experiments the hydrodynamic parameters obtained by the simulation. The work was then extended to the study of various pools, not only those designed according to Fina and Swiss recommendations, but also pools whose design differs by various degrees from the recommendations outlined by Swiss standards. This section of the work presents numerical simulations of velocity field, streamlines, and RTD. Finally, although not exhaustive, this investigation provides important information on the hydraulic behavior encountered for most of pool designs encountered all over the world.
The expected results of this work should give some essential elements for good practices in pool design. The optimization of pool hydraulic operation should reduce dead volumes and improve disinfection efficiency. Moreover this study produces specific knowledge for kinetic approach aiming prediction of disinfection by-products formation.
Material and Methods

Experimental pool
The experimental pool   has a depth of 0.9 m in the shallow end and 2 m in the deep end. The total volume is 377 m 3 . The pool is fed with water via three square-cross-section inlets in the wall at the shallow end, and two in each long vertical wall (Figure 1) . Total inlet flow is . The pool operates in mixed hydraulics mode: water is collected at the surface by two overflow channels located in the two long sides, and by one square outlet at the bottom of the pool. The water recirculation turnover period for the experimental pool is τ = 7140 s, or 1.98 h. . The buffer tank has a volume of about ; the corresponding mean residence time in the buffer tank is . The buffer tank is usually used to compensate for variations in pool volume due to the number of swimmers present. , known as learning pools, which is used for non-competitive swimming and regional competitions [9] .
The geometry and hydraulics of each pool (Olympic or learning) is shown in Table 1 and Figures 3 and 4 . After the initial study of pools designed according to the Swiss standards, investigations were extended to pools operating under a mixed water-recirculation regime (mixed hydraulics) featuring two or four overflow channels. The water recirculation turnover period for all configurations studied was 3 hours, in line with WHO recommendations [1] .
The pool volumes studied were 600 m 3 (learning pools) and 1890 m 3 (Olympic pools). Water inlets were square- cross-sections located in the two longer vertical walls. Inlet flow was Pools were studied in two operating modes. In the first mode the pool is operated in open circuit (open loop), without a buffer tank. In this case, water leaving the pool is not reintroduced. RTD was calculated on the basis of this operating mode. The second operating mode is based on full water recycling (closed loop), i.e., water leaving the pool is reintroduced. This is the most common operating mode found in pools, and all the pools studied here had a buffer tank. For pools operated under mixed hydraulics, water flow circulating through the buffer tank comes only from the overflow channels. In reversed hydraulics, the buffer tank is fed by the total recycling flow. The buffer tank volume is defined according to the Swiss guidelines, but the effective water volume in the absence of swimmers represents around one third of the total buffer tank volume ( Table 2 ). 
Experiment
The hydraulic of the experimental pool was characterized by introducing an inert tracer into the inlet flow as a single pulse. The tracer used was yttrium in 2% nitric acid solution (Sigma Aldrich, 10 g·L
). About 2 g of this compound was injected into the inlet flow feeding inlets a, b and c (point 1 in Figure 2 ). The tracer concen- tration was measured at points 1, 2 and 3 by sampling about 50 mL water stabilized by 100 µL nitric acid
every 5 min during the first half hour, and then every 10 min up to the end of the experiment. This allowed measuring how tracer concentration evolved over time at these points. The inlet and outlet pipe volumes, representing less than 1% of the total pool volume, were neglected when interpreting results. Yttrium was analyzed by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). to be determined for the pool. Simulations were performed in the absence of swimmers for experimental and designed pools. RTD provides information on the nature of the reactor (plug flow, Continuous Stirred Tank Reactor (CSTR), or a various combinations of the two), and indicates the existence of a short-circuit or dead zone. In addition, segregation intensity provides information on the concentration distribution (mixing quality) for a species in the system volume.
Flow Simulation
CFD simulations are used to determining flow behavior in tank or reactor [12, 13] . ANSYS FLUENT© was used in this study for CFD calculations, this software is based on the finite volume method. Model equations were solved for each control volume, conserving the relevant quantity (mass, momentum, tracer concentration, etc.). The Upwind first-order method was used to solve the differential equations governing fluid flow. Pressure and velocity were coupled with a SIMPLE scheme.
Turbulence Model
The Reynolds number for the inlet jet is:
where u is the inlet velocity and is inlet nozzle hydraulic diameter. For the pools studied, the Reynolds number for the inlet je5t was about , but very low velocities were simulated in some areas. To compensate for non-uniform distribution of velocity, the "ReNormalization Group" (RNG) k- turbulence model was chosen. RNG theory provides an analytically derived differential equation to model effective viscosity, taking low Reynolds number effects into account. This improved the model's performance for low Reynolds numbers and near-wall flows. The coefficients for the RNG k- model were
Numerical Grid
For pools with facing inlets, flow field simulation was conducted over a quarter of the pool area. For pools with staggered inlets, the whole pool area had to be studied. A hexahedral grid was applied using Gambit © software. Cell dimensions are given in Table 3 . The grid is composed of between 20,000 and 800,000 cells.
Boundary Conditions
Inlet conditions: uniform inlet velocity in z direction. The initial values of k and  for inlets are listed in Table 3 .
The values are calculated with the following equations:
where I is the turbulence intensity, taken as 5% (value generally observed in flows pipe). Outlet conditions:  For reverse hydraulics pools: the outlet pressure is taken at the ambient level (0 bar relative pressure).  For mixed hydraulics pools: the outflow is defined with fixed flow weighting; 50% by overflow outlets and 50% by bottom outlets.  Water surface is a wall with slip condition.  Pool walls are with no-slip velocity and their roughness was 0.5 mm. The standard wall function approach was applied.
Residence Time Distribution and Outlet Homogeneity Degree
The following strategies were used to determine how RTD and homogeneity degree:
1) The equations for momentum conservation and RNG k- turbulence were solved until a steady-state solution was reached.
2)  moles of liquid inert tracer were added to the inlet flow in one pulse injection. A steady-state flow solution was applied as initialization, the same equations were solved in an unsteady state.
Step time was fixed at 0.2 s. The tracer was considered to be a passive scalar, with a diffusivity coefficient of according to yttrium coefficient [15] . The turbulent Schmidt number is [16] . 0.7
In an open loop, the   E  distribution is obtained by measuring the tracer concentration   c  at the pool outlet:
In a closed loop, the homogeneity degree at the outlet, , is calculated by dividing the tracer concentration at the pool outlet by its steady-state concentration .
RTD describes the hydrodynamic behavior of real systems, considering its geometry and inlet and outlet conditions. RTD can evidence potential short-circuits or dead volumes. However, it provides no information on the uniformity of tracer concentration in the volume studied.
In this case, a user-defined function was set up in FLUENT © to calculate the total outlet concentration after a given time step. The inlet concentration for the next time step was thus equal to the outlet concentration calculated. The RTD values for experimental and designed pools obtained by simulation were compared to those of simple models, such as CSTR. In open loop mode, this corresponds to comparison of the following RTD characteristics:
Uniformity of tracer concentration in a system was also evaluated considering the segregation intensity S I and how its variation over time. Segregation intensity is defined as the ratio of the standard deviation to the average concentration of pool tracer concentration. This allowed the pool mixing time to be determined.  Dimensionless average residence time Thus, for n cells of grid:
In all closed loop cases, the degrees of outlet homogeneity for each configuration were compared with each other, and with the CSTR model. This comparison is led by two criteria characterizing mixing. The first one, , θ U5% refers to pool outlet concentration and is defined as: 4 4 Ku    
The second criterion, , an apparently stable, significant difference is observed between concentrations measured in overflow channels and those measured in the bottom outlet. This difference can probably be explained by the presence of a dead zone or a very slightly mixed volume in the vicinity of the bottom outlet. Flow simulation should enable us to confirm this hypothesis.
Numerical Simulation
The equations governing flow field were solved in steady-state conditions with residual convergence criteria of 10 −3 .
Experimental Pool
CFD for the experimental pool indicates the presence of jets at each inlet (Figure 6 ) inducing large vortices (Figure 7) . These vortices have a significant area of the pool, and contribute to extensive water mixing. However, some isolated areas appear to be less intensively mixed, particularly near the bottom outlet close to the end of the pool (Figure 8 ). These areas are mainly observed in pools with facing inlets in the long sides. In the case that the jets are formed opposite to each other, and merge in the central part of the pool, water is not allowed to circulate from one end of the pool to the other. These observations support the assumption that dead zone in the pool explains the differences in tracer concentration measured in the overflow and at the bottom outlets of the experimental pool. Simulation of the RTD based on resolution of the tracer flow shows a delay followed by a major shortcircuit (Figure 9 ). This short-circuit appears at 0.05
for both   E  (Figure 9(a) ) and   U  (Figure 9(b) ). In a closed loop configuration, the oscillations of outlet homogeneity degree produced by this short-circuit are rapidly damped by the large volume of the pool. 
Designed Pools
The horizontal velocity planes at inlet height were determined for two Olympic pools (Figures 11 and 12) . One of these pools had facing water inlets (Case 7), while the other had staggered water inlets (Case 9). It appears that staggered inlets contribute to better flow recirculation in the pool, preventing pool segmentation and partitioning. With facing inlets, jets emerge and meet in the center of the pool, creating effective barriers not allowing fluid to circulate freely between pool areas. However, since each recirculation area has its own outlet, the various flows could be expected to be mixed efficiently.
Tracer concentration was monitored after the initial pulse at all pool inlets in open loop mode. In addition to the graphical representation, the simulation allows the mixing characteristics of the studied pools to be assessed, based on the tracer concentration measured. The mass fraction of tracer at 0.1
 
and at for Cases 7 and 9 is shown in Figure 13 . 
appears that the number of overflow channels, or the positions of inlets have little effect on RTD. Despite higher pool dimensions for identical inlet velocity, RTDs for Olympic pools are comparable to those for learning pools.
Considering the RTD characteristics   2 , , , Sk Ku   , hydraulic behavior of all pools (experimental and designed) is very close to CSTR behavior. Bottom outlets produce short-circuit and govern the RTD at short times (Figure 15) . For  larger than 0.15, overflow and bottom outlets become equivalent. For mixed hydraulics pools, the short-circuit observed in pools with facing outlets is greater than in pools with staggered outlets. This can be explained by a shorter average distance between inlets and bottom outlets when inlets are opposite each other.
Mixed hydraulics leads to a short-circuit that can appear more pronounced than with reversed hydraulics. However, it does not significantly modify the mean residence time or other RTD characteristics ( Table 4) . Irrespective of the configuration, the difference between average residence time and turnover period (τ) never exceeds 5%. Skewness is positive for all pools, showing that the distribution is concentrated toward the left, and that the right-hand tail is longer. Kurtosis is between 8 and 9 for all pools. Furthermore, based on these results, it 
Outlet Homogeneity Degree and Segregation Intensity
The outlet homogeneity degree refers to a local concentration. In contrast, segregation intensity is calculated with a field of concentrations in the whole pool. These two signals were monitored for closed loop simulations.
The outlet homogeneity degree for the pools studied is illustrated in Figure 16 . As for RTD for open loop configurations, the   U  curves for mixed hydraulics pools reveal the presence of significant short-circuits (Figure 16, lower panel) . This could be because inlets are located too close to the surface, and outlets at the bottom of the pool create a preferential back flow of water. For a given hydraulics, oscillation amplitudes are greater for facing inlets than for staggered inlets.
Closed loop simulation reveals that the outlet concentration reaches its steady-state level after around 0.2τ in all cases ( Table 5) .
Numerical simulation also allows segregation intensity variations to be calculated in the whole pool volume for each configuration (Figure 17) .
The 5% mixing time, i.e., between 2800 and 6000 s for designed pools ( Table  5) . Longer segregation times are obtained for pools with mixed hydraulics combined with facing inlets. The significant short-circuit observed in these configurations can explain impaired pool mixing. With staggered inlets, segregation intensity decreases faster than with facing inlets. This is consistent with previous observations of velocity fields (Figures 11 and 12) . All the designed pools studied have a shorter mixing time, 5% IS  , than the experimental pool. The outlet homogeneity degree, 5% U  , however is close for both pool types. The differences between simulated signals   U  for three Olympic pool geometries (Cases 7, 9 and 11) with and without buffer tank are presented in Figure 18 . It appears that the amplitude of signal oscillations is not affected much by the buffer tank. However, it slightly increases the delay, particularly for Cases 7 and 9.
Conclusions
This work highlights how swimming pool design affects hydraulic behavior, based on data from experimental and CFD studies. This paper is not intended to describe the hydraulic behavior of all existing swimming pools.
However, the cases studied are representative of existing pools found in Europe and the United States. These pools are designed based on criteria set out in fairly stringent standards. The experimental results validated the CFD conditions. Simulation allowed water flow to be characterized for one experimental pool and 12 designed pools. This revealed average velocity field and stream lines, as well as the corresponding RTD and mixing ability. From these observations, the model developed, based on the principle of a continuous stirred reactor, could be
